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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
In this paper a thermodynamically consistent formulation for creep and creep-damage modelling is given. The model is developed
for isotropic solids by using proper expressio for the Helmholtz free energy and the complementary form of the dissipation
potential, and can be proven to fullfil the dissipation inequality. Also the coupled energy equation is derived. Continuum damage
model with scalar damage variable is used to facilitate simulations with tertiary creep phase. The complementary dissipation
potential is written in terms of the thermodynamic forces dual to the dissipative variables of creep strain-rate and damage-rate. The
model accounts for the multiaxial stress state and the difference in creep rupture time in shear and axial loading as well as in tensile
and compressive axial stress. In addition, the model is simple and only four to eight material model parameters are required in
addition to the elasticity parameters. A specific version of the proposed model is obtained when constrained to obey the Monkman-
Grant relationship between the minimum creep strain-rate and the creep rupture time. The applicability of the Monkman-Grant
hypothesis in the model development is discussed. The proposed 3D-model is implemented in the ANSYS finite element software
by the USERMAT subroutine. Material parameters have been estimated for the 7CrMoVTiB10-10 steel (T24) for temperatures
ranging from 500 to 600 degrees of celcius. Some test cases with cyclic thermal fatigue analysis are presented.
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1. Introduction
Creep is an important deformation mechanism for metal structures operating at temperatures over 30 % of their
absolute melting t mperature. Many t chnical applications require higher operating temperatures. The basic test in
studying creep deformation and fracture is the uniaxial creep test where a smooth tensile bar is subjected to a con-
stant load. As already observed by da Costa Andrade (1910), the experimental creep curve consists of three phases
corresponding to decreasing, constant and increasing strain rate. These phases are termed as primary, secondary and
tertiary creep stages. Strain hardening and thermally activated recovery of the dislocation structure are the main mech-
anisms in the primary and secondary phases, while formation of grain boundary cavities and changes in a dislocation
microstructure can be ascribed to the tertiary phase.
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Developing creep models applicable for large stress and temperature range is a complicated task. Continuum dam-
age mechanics provides a promising path to such goal, as can be seen e.g. from Altenbach et al. (2009); Betten (2005);
Gorash (2008); Hayhurst (1972, 1994); Murakami (2012); Naumenko (2006). In this study, a thermodynamically con-
sistent creep damage model for modelling secondary and tertiary creep behaviour is described.
2. Termodynanic formulation
In deriving thermodynamically consistent material models the first and second laws of thermodynamics constitute
the basic formalism that is followed here. The constitutive models can be derived from two potential functions, namely
the Helmholtz free energy and the dissipation potential, see Fre´mond (2002); Lemaitre and Chaboche (1990); Ottosen
and Ristinmaa (2005).
2.1. Energy balance
The first law of thermodynamics, i.e. the energy balance can be written in the form
d
dt
(E +K) = Pmech + Pheat, (1)
where E,K are the internal- and kinetic energies, which are defined as
E =
∫
V
ρe dV , K = 1
2
∫
V
ρv · v dV , (2)
where e is the specific internal energy, a state function depending on the specific entropy s and strain ε and v is the
velocity vector. The power of mechanical external forces and the power of non-mechanical sources, here assumed to
consist only of heat, are given as
Pmech =
∫
V
ρb · v dV +
∫
S
t · v dS , Pheat =
∫
V
ρr dV −
∫
S
q · n dS , (3)
where r is the internal heat source per unit mass and q heat-flux vector. After some manipulations, the energy balance
can be written as∫
V
ρe˙ dV =
∫
V
(
σ: gradv + ρr − divq) dV . (4)
By using the definition of infinitesimal strain ε = 12 [ gradu + ( gradu)
T], the energy balance (4) can be written in the
local form as
ρe˙ = σ:ε˙ + ρr − divq. (5)
The specific internal energy e is a state function depending on the specific entropy s and strain ε. Utilising the
partial Legendre transformation, the specific Helmholtz free energy ψ = e − sT is obtained, which is a state function
depending of measurable state variables, absolute temperature T and strain ε. The local form of the energy balance
(5) can be transformed into the form
ρ(ψ˙ + s˙T + sT˙ ) = σ:ε˙ + ρr − divq. (6)
2.2. Entropy inequality
The second law of thermodynamics imposes restrictions on the process. The entropy inequality which is also known
as the Clausius-Duhem inequality is
d
dt
∫
V
ρs dV ≥
∫
V
ρr
θ
dV −
∫
S
q · n
θ
dS , (7)
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where s is the specific entropy. After some manipulations, the dissipation power of the system can be written as
γ = −ρ(ψ˙ + sT˙ ) + σ: ε˙ − T−1 gradT ·q, (8)
and the entropy inequality is simply
γ ≥ 0. (9)
In the geometrically linear theory, the strain tensor ε can be additively divided into the elastic εe, inelastic εc and
thermal strain εth components as
ε = εe + εc + εth. (10)
The specific Helmholtz free energy ψ depends on temperature T , integrity ω, which describes the degradation of the
material and thermoelastic strain εte = ε − εc i.e. ψ = ψ(T, ω, εte). Therefore, the dissipation power can be expressed
as
γ = −ρ
(
s +
∂ψ
∂T
)
+
(
σ − ρ ∂ψ
∂εte
)
:ε˙te + σ:ε˙c − ρ ∂ψ
∂ω
ω˙ − T−1 gradT ·q. (11)
The integrity ω and damage D variables are related by ω = 1 − D. Integrity has the value 1 at the undamaged initial
state and the value 0 at the completely damaged state, whereas damage evolves from zero to one.
Dissipative mechanisms of the system are described by the complementary dissipation potential ϕ =
ϕ(Y, q,σ; T, ω), which is a monotonous function with respect to all of its arguments Y, q and σ, giving the defini-
tion for the dissipation power γ as
γ =
∂ϕ
∂q
·q + ∂ϕ
∂σ
:σ +
∂ϕ
∂Y
Y. (12)
By defining the thermodynamic force Y = ρ∂ψ/∂ω dual to the integrity rate and equating the dissipation power (11)
with the definition (12), results in equation
−ρ
(
s +
∂ψ
∂T
)
T˙ +
(
σ − ρ ∂ψ
∂εte
)
: ε˙te +
(
ε˙c − ∂ϕ
∂σ
)
:σ −
(
ω˙ +
∂ϕ
∂Y
)
Y −
(
gradT
T
+
∂ϕ
∂q
)
·q = 0. (13)
Since this equation has to be fulfilled with all possible thermodynamically admissible processes T˙ , ε˙te, σ, Y and q, the
following constitutive equations are obtained
s = −∂ψ
∂T
, σ = ρ
∂ψ
∂εte
, ε˙c =
∂ϕ
∂σ
, ω˙ = −∂ϕ
∂Y
, T−1 gradT = −∂ϕ
∂q
. (14)
Substituting these general constitutive equations into the local form of the energy equation (6), the following form
is obtained
ρcεT˙ = − divq + ρr + σ:ε˙c + ρ ∂
2ψ
∂εte∂T
ε˙te +
(
ρ
∂2ψ
∂ω∂T
− Y
)
ω˙, (15)
where the specific heat capacity cε is defined as
cε = −T ∂
2ψ
∂T 2
. (16)
Equation (15) is the thermomechanically coupled heat equation, where the heat input due to the mechanical pro-
cesses is described by the three last terms on the right-hand-side, which describe the heat input due to viscoplastic,
thermoelastic and damage processes.
If the complementary dissipation potential is convex with respect to all of its arguments, which are the thermody-
namic forces, the Clausius-Duhem inequality (CDI) (9) will be automatically satisfied. Convexity of the complemen-
tary dissipation potential is not necessary. A sufficient condition which guarantees the satisfaction of the CDI is that
the potential function is monotonous with respect to all of its arguments.
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3. Specific model
3.1. Potential functions
The reversible prosesses are described by the specific Helmholtz free energy ψ = ψ(T, εte, ω), which depends on
absolute temperature T , thermoelastic strains εte, and integrity ω. In this study, the following form of the specific
Helmholtz free energy is chosen
ρψ = ρcε
(
T − T ln T
Tr
)
+
1
2
(εte − εth):ωCe: (εte − εth), (17)
where εth = α(T − Tr), is the thermal strain, Ce the elasticity tensor, α a second order tensor containing the thermal
expansion coefficients and Tr is an arbitrary reference temperature. For an isotropic solid the elasticity and the thermal
expansion tensor have the forms
Ce =
νE
(1 + ν)(1 − 2ν) I ⊗ I +
E
1 + ν
I, and α = αI, (18)
where I and I are the second- and fourth order identity tensors, respectively. All the material coefficients, the Young’s
modulus E, the Poisson’s ratio ν and the linear coefficient of thermal expansion α can depend on temperature.
The complementary dissipation potential can be additively decomposed into thermal, damaging and viscoplastic
parts as
ϕ(Y, q,σ; T, ω) = ϕth(q; T ) + ϕd(Y; T, ω) + ϕc(σ; T, ω), (19)
where the thermal part is
ϕth(q; T ) =
1
2
T−1q·λ−1q. (20)
For an isotropic solid the thermal conductivity tensor λ is simply λ = λI, where the thermal conductivity λ can depend
on temperature. Damage affects also to the thermal conductivity, and thus the coefficient of thermal conductivity can
also depend on the integrity. Here this effect is neglected.
For creep the following Norton type potential function is adopted
ϕc(σ; T, ω) =
hc(T )
p + 1
ωσrc
tc
(
σ¯
ωσrc
)p+1
, (21)
where σ¯ =
√
3J2 is the von Mises effective stress (J2 is the second invariant of the deviatoric stress), tc is a charac-
teristic time for creep and it is directly related to the relaxation time, hc Arrhenius-type thermal activation function
hc(T ) = exp(−Qc/RT ), where Qc is the creep activation energy and R is the universal gas constant. Choice of the
reference stress σrc (also known as a drag stress) is discussed later.
3.2. Monkman-Grant hypothesis
From the creep tests of many metals and alloys it is concluded that the product of minimum creep strain-rate and
rupture time is a constant (Riedel, 1987; Nabarro and Villers, 1995), i.e.
ε˙cmintrup = constant. (22)
This constant is almost independent of temperature and stress and it is known as the Monkman-Grant parameter. It is
often expressend in a modified form
CMG = (ε˙cmin)
mtrup, (23)
where m is in the range 0.8 − 1. The value of the Monkman-Grant parameter equals roughly to the rupture strain
CMG  εrup. (24)
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3.3. Damage potentials
In this study two variants for the damage potential are compared. Both of them are of Kachanov-Rabotnov type
(Kachanov, 1958, 1986):
ϕd(Y; T, ω) =
hd(T )
r + 1
Yr
td ωk
(
Y
Yr
)r+1
, (model 1) (25)
ϕd(Y; T, ω) =
hc(T )
( 12 p + 1)(1 + k + p)
Yr
td ωk
(
Y
Yr
) 1
2 p+1
, (model 2) (26)
where td is a characteristic time for damage evolution, hd is an Arrhenius-type thermal activation function for damage
processes hd(T ) = exp(−Qd/RT ), where Qd is the damage activation energy and R is the universal gas constant as in
the creep activation function. The reference value of the thermodynamic force, Yr, is chosen by Yr = σrd2/(2E), where
σrd is a reference stress for the damage process.
The first version (25) results in a more general model, whereas the second one (26) is restricted to satisfy the
Monkman-Grant hypothesis (with m = 1) exactly and therefore its parameters are coupled to the creep model. For
these two models the Monkman-Grant parameter have the values
CMG = ε˙cmintrup =
1
1 + k + 2r
tdhc
tchd
(
σ
σr
)p−2r
(model 1) and CMG =
td
tc
(model 2). (27)
To account for different damage evolution in tensile and compressive regions the damage potentials could be
changed to the form
ϕd(Y; T, ω, εe) ∝ (Y/Yr + ξtr εe)r+1 , (28)
where ξ is an extra material parameter. Due to the lack of material data available to the authors this form has not been
used.
3.4. Constitutive equations
From the general constitutive equations (14) and with the specific choices (17), (20) and (21) the following consti-
tutive equations are obtained
σ = ωCe : εe, ε˙c =
hc
tc
(
σ¯
ωσrc
)p
∂σ¯
∂σ
, q = −λ gradT. (29)
The integrity rates resulting from the considered two models (25) and (26) are
ω˙ = − hd
td ωk
(
Y
Yr
)r
, (model 1) and ω˙ = − hc
(1 + k + p)τd ωk
(
Y
Yr
) 1
2 p
(model 2). (30)
4. Response in uniaxial creep test
The material parameters can be determined from the uniaxial creep tests at different temperatures and under several
constant stress values. In this simplified loading case, the constitutive equations can be integrated in a closed form,
the resulting integrity development and the creep rupture time for the model (25) are
ω =
1 − (1 + k + 2r)hd ( σσr
)2r t
td
1/(1+k+2r) , trup = 1(1 + k + 2r)hd
(
σ
σr
)−2r
td. (31)
The yield stress is selected as the reference value in the creep and damage evolution equations, i.e. σrd = σrc =
σy0(T ) ≡ σr. For the total strain, the following formula is obtained
ε =
σ
E
+
1
1 + k + 2r − p ·
hc
hd
(
σ
σr
)p−2r 1 −
[
1 − (1 + k + 2r)hd
(
σ
σr
)p t
td
](1+k+2r−p)/(1+k+2r) , (32)
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Table 1. The calibrated model parameters for the 7CrMoVTiB10-10 steel (T24), qc = Qc/R and qd = Qd/R.
model tc [s] pr td [s] a qc [K] rr qd [K] b
1 3039.9 14.77 37.768 −4.804 7137.6 7.545 9350.1 −5.201
2 3414.1 14.59 41.26 −4.891 7137.6 - - -
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Fig. 1. The calibrated results and the data from Arndt et al. (2000) for the T24-steel based on the minimum creep strain-rate (lhs) and on the creep
strengths (rhs). Results for the model 1 are shown by solid lines and for the model 2 by dashed lines. The sets from top to bottom correspond to
tests at temperatures 500◦C, 550◦C and 600◦C, respectively.
which gives the following expression for the rupture strain
εrup =
σ
E
+
1
1 + k + 2r − p ·
td
tc
· hc
hd
(
σ
σr
)p−2r
. (33)
For the second model (26) the integrity evolution, the creep rupture time and the rupture strain in a constant stress
creep test are
ω =
[
1 − hc
(
σ
σr
)p t
td
]1/(1+k+p)
, trup =
td
hc
(
σ
σr
)−p
, εrup =
σ
E
+
1 + k + p
1 + k
· td
tc
. (34)
5. Determination of the material parameters
At temperatures between 500◦C and 600◦C the material parameters for the 7CrMoVTiB10-10 steel (T24) have been
determined from the material data of the manufacturer (Arndt et al., 2000). Temperature dependency of the parameters
p and r as well as for the yield stress σy0 are assumed to be reasonably well presented by the linear expressions
p(T ) = pr [1 + a(T − Tr)/Tr] , r(T ) = rr [1 + b(T − Tr)/Tr] , σr = σy0(T ) = σ∗ − cT, (35)
where the values σ∗ = 1123 MPa and c = −1 MPa/K give a good fit to the data.
In the calibration it is also assumed that k + 2r = p + 2 (Lemaitre, 1992, Chapter 3.3.3), which gives k = 2, if
p = 2r. The model parameters are presented in Table 1 and the model predictions and the material data from Arndt
et al. (2000) are shown in Fig. 1.
It can be seen from the results presented in Table 1 that the material parameters are realistic and the Monkman-
Grant hypothesis is relatively well satisfied also for the model 1 at the reference temperature Tr = 773 K. Furthermore
it is seen that the values for the powers p and r are decreasing with increasing temperature, which is typical for most
metals, cf. (Garofalo, 1965, Table 3.1).
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It can be seen from the results presented in Table 1 that the material parameters are realistic and the Monkman-
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6. Implementation 
The described model has been implemented in a structural FE-code ANSYS as a user-defined material 
subroutine. Integration of the rate dependent model is performed by using the implicit backward Euler method, 
which has proven to be accurate especially for large practically usable time step sizes in solving rate-dependent 
problems Kouhia et al. (2005), although it does not completely herit such a nice property when combined with 
damage Wallin and Ristinmaa (2001); Eirola et al. (2006). 
To illustrate the implementation of the model in ANSYS, a part of a typical steam boiler superheater header 
made of steel T24 and operating within a temperature range from 500 to 600 °C has been analyzed under creep-
fatigue loading. A part of the superheater header Ø355.6x32 mm with two symmetry planes has been analyzed 
under a static internal pressure of 14.0 MPa(g), the static axial stress components caused by the internal pressure, 
time-varying creep temperature and a time-varying displacement at the end of the tube nozzle Ø44.5x6.3 mm. 
The displacement is considered to be a result of thermal expansion caused by variable operating temperature and 
local temperature differences in a large superheater structure. The analyzed lifetime of the header is 150 creep-
fatigue cycles in which the duration of load changes is one hour and the duration of hold periods at constant load 
is 200 hours. 
                    
                 (a)                                             (b)                                                                                (c) 
Fig. 2. The FEM-model mesh in ANSYS (a) and the time-varying displacement at the end of the tube nozzle (b). The displacement at the end of 
the tube nozzle and the creep temperature changes periodically and the periods consist of ramp and hold times (c).  
The main results of the analyses, the values of the damage parameter and the equivalent creep strains at the 
most critical location are shown in Fig. 3. The most critical location in these analysis was on the surface of the weld 
between the header pipe and the tube nozzle in all situations, although it shall be noted that these models do not 
take the special characteristics of a welded joint into account. According to the results, the values of the damage 
parameter calculated using the model 1 are slightly higher than the values calculated using the model 2. In any 
case, the values of the damage parameter calculated using the model 1 are only 3–7 pp greater than the values 
calculated using the model 2, and thus the results of the both models are relatively precise for practical 
applications. In practical applications the analyzed material can be considered to be damaged, when the value of 
the damage parameter is over 0.3 and the onset of the tertiary creep phase has occurred. Despite the slight 
difference in the values of the damage parameter between the models, the equivalent creep strains at the most 
damaged location are almost equal between the models 1 and 2.  
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Fig. 2. The FE mesh, mainly 20 node hexahedral ANSYS SOLID186 elements & some 10 node tetrahedal SOLID187 elements, and the prescribed
displacement history at the end of the tube nozzle. The displacement at the header end and the creep temperature changes periodically and the
per ods consist of ramp and hold times.
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                             (a)                                                           (b)                                                                     (c) 
Fig. 3. The accumulated damage of the header at the most critical location (a). The accumulated damage at the most critical location (b) and 
the accumulated equivalent creep strain at the most damaged location (c) as functions of the length of the displacement in the analyses. 
From a practical point of view, the both developed models yield relatively equal results within the temperature 
range 500–600 °C. However, the model 2 is accurate only in relatively high creep temperatures and it becomes 
slightly inaccurate as the temperature lowers, which is a result of the assumed Monkman-Grant relationship. The 
model 1 is more accurate also in low creep temperatures mainly because of its greater flexibility due to higher 
number of calibration parameters.  
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Fig. 3. Damage distribution near the most critical location of the header. The accumulated damage and the equivalent creep strain at the most critical
location as functions of the prescribed displacement.
6. Implementation
The described model has been implemented in a structural FE-code ANSYS as a user-defined material subroutine
USERMAT. Integration of the rate dependent model is perform d by using the implicit backward Euler method, which
has proven to be accurate especially for large practically usable time step sizes in solving rate-dependent problems
(Kouhia et al., 2005), although it does not completely inherit such a nice property when combined with damage, see
e.g. Wallin and Ristinmaa (2001).
A part of a typical steam boiler superheater header (ø 355.6 mm × 36 mm with two symmetry planes) made of T24
steel and operating wi hin a tempera ure range from 500 to 600 ◦C has been analysed under creep-fatigue loading.
The loading consist of a static internal pressure of 14.0 MPa(g), time-varying temperature and displacement at the end
of the tube nozzle ø 44.5 mm × 6.3 mm. The displacement is considered to be a result of thermal expansion caused
by variable operating temperature and local temperature differences in a large superheater structure. The Young’s
modulus has values 175 MPa at 500◦C, 168 MPa at 550◦C and 163 MPa at 600◦C, and it is linearly interpolated
between these values (Arndt et al., 2000). The Poisson’s ratio is assumed to be independent of temparature and the
val e ν = 0.3 is used. The analys d lifetime of the header is 150 creep-fatigue cycles in which the duration of load
changes is one hour and the duration of hold periods at constant load is 200 hours.
The main results of the analyses, damage field (D = 1 − ω) and the values of the damage and the equivalent
creep strains at the most critical location are shown in Fig. 3. The most critical location in these analysis is on the
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surface of the weld between the header pipe and the tube nozzle in all situations, although it should be noted that these
models do not take the special characteristics of a welded joint into account. According to the results, the values of
the damage parameter calculated using the model 1 are slightly higher than the values calculated using the model 2. In
any case, the values of the damage parameters calculated using the model 1 are only 3-7 percentage points greater than
the values calculated using the model 2, and thus the results of the both models are relatively accurate for practical
applications. A material can be considered to be essentially fully damaged when the value of the damage parameter
exceeds the value 0.3 and the onset of tertiary creep phase has occurred. Despite the slight difference in the values
of the damage parameter for the models, the equivalent creep strains at the most damaged location are almost equal
between models 1 and 2.
From an engineering point of view, the both developed models yield practically equal results within the temperature
range 500-600 ◦C. However, the model 2 is accurate only in relatively high creep temperatures and it becomes slightly
inaccurate at lower temperatures, which is a result of the assumed Monkman-Grant relationship. The model 1 is more
accurate also in low creep temperatures mainly because of its greater flexibility due to higher number of calibration
parameters.
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